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Abstract 
This paper has examined copper uptake from Curtis 2 complexes by cytotrophoblast cells isolated from term human placenta. Uptake 
is time-dependent, reaching equilibrium after about 90 min, and saturable, with a calculated apparent K m of 0.174 ___ 0.061 /xM and Vma X, 
measured over 30 min, of 0.72:1 + 0.092 pmol/min//xg DNA. To determine whether ATP was required for uptake, cells were incubated 
with inhibitors of glycolysis (ie.doacetate) and the TCA cycle (sodium azide and cyanide). Iodoacetate and sodium azide had no effect on 
uptake, but cyanide decreased the initial rate of uptake. This effect was due to copper binding to the inhibitor and decreasing the effective 
substrate concentration rather than inhibition of uptake through ATP depletion. Ouabain and monensin had no effect, showing that neither 
the Na + gradient nor endocytosis were involved in uptake. The monovalent ion chelator, bathocuproine sulphonate, had no effect on 
uptake but buthionine sulfoximine, an inhibitor of glutathione synthesis, did decrease both the rate of uptake and equilibrium copper 
levels, suggesting that copper may bind to glutathione within the cell. The data show that copper is taken up by a passive carrier-mediated 
transporter and, following uptake, binds to glutathione within the cell. 
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I. Introduction 
During pregnancy, copper (Cu) is transferred from the 
mother to the fetus across the placenta. The amount rans- 
ferred changes during gestation. Most accretion occurs in 
the last third, with transfer ates increasing several-fold in 
both the rat and the mouse El,2]. The changes in the rates 
of transfer have not been studied in other species, but are 
likely to be similar. 
The mechanism of transfer is not well understood. A
somewhat limited study by Mas and Sarkar [3] showed that 
cultured trophoblast cells could accumulate Cu from 
ceruloplasmin but also showed that the cells could take Cu 
up from other sources. They did not, however, perform any 
analysis of the kinetics of transfer or uptake of Cu. Their 
observations fitted with those of Harris's group, who have 
shown that Cu from many different sources can be incor- 
porated into superoxide dismutase in aortic cells [4]. We 
identified a transport system in the apical membrane of 
human trophoblast cells and provided evidence that cerulo- 
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plasmin could compete with Curtis 2 for uptake [5,6]. The 
data have been brought ogether in a fairly simple hypothe- 
sis, which suggests that the transporter recognises a small 
moiety of the uptake substrate - a Curtis 2 complex well 
described by several different workers [7]. Presumably, 
since uptake takes place in vesicles, transfer across the 
microvillar membrane is a passive, carrier-mediated pro- 
cess. There is no direct evidence either to support or to 
refute this statement, however. Nor is it known how the 
cell modulates the uptake process - whether uptake in the 
intact cell is the same as in the isolated membrane, for 
example. 
After transfer across the microvillar membrane, the 
remainder of the transfer is completely unknown. Re- 
cently, the gene responsible for Menkes' disease, an X-lin- 
ked disorder of Cu metabolism, was identified [8,9]. 
Menkes' disease is a disorder of transport across the gut 
which results in severe copper deficiency in the affected 
child. Death usually occurs by about two years of age. The 
gene must be expressed in placenta, since babies with the 
disorder are born severely affected. It is thought hat the 
gene codes for a Cu-ATPase, a Cu 'pump' but its location 
and function are unknown. 
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Fig. 1. Copper uptake by placental cells cultured for 48 h. Cells were 
incubated with 67Cu as  Curtis 2 (1 /xM, 0.4 p.Ci/ml) for appropriate 
periods of time at 4°C (open circles) or 37°C (closed circles), following 
which they were removed from the plates as described in Section 2. The 
results are the mean + S.E.M. of three xperiments in triplicate. 
Several approaches have been developed to study the 
mechanisms involved in nutrient ransfer across the pla- 
centa. The earliest methods involved perfusion of placen- 
tas, either from one or both sides, in term human and in 
animal models of placental function. About the same time, 
vesicles isolated from placental microvilli were also used 
to study the uptake process. We developed methods for 
culturing rat placental cells and used them to study iron 
uptake and processing [10] and about the same time, 
several approaches for the study of uptake in human 
placental cells were also developed. 
Using cultured placental cells has several advantages 
over other methods. There are no problems with oxygena- 
tion or leakage of substrates. Intracellular processing, which 
may be central to transfer in vivo, can operate more or less 
as normal. Given the large number of cells that can be 
obtained from one placenta, several experiments can be 
carried out and data can readily be normalised to, for 
example, DNA content or protein content per plate. We 
decided, therefore, to use this model to study Cu process- 
ing by the human placenta. The first stage of our approach 
was to determine the kinetics of uptake of Cu and to 
investigate whether or not the uptake process was depen- 
dent on energy or ion gradients in the intact cell. 
2. Materials and methods 
2.1. Cell culture 
Cytotrophoblast cells were isolated as described. Briefly, 
term placentas were obtained from non-smoking mothers 
and used within 30 min of delivery. Aseptic technique was 
used throughout and all procedures were carded out in a 
containment cabinet. The placenta was cut into cubes and 
washed with sterile saline. The villous material was dis- 
sected out and washed over a nylon gauze. The tissue was 
digested in trypsin/DNAase (0.1%/0.2 mg/ml) in Hanks' 
balanced salt solution (HBSS) for 30 min at 37°C. The 
supernatant was removed and the cells spun through 5 ml 
newborn calf serum. The procedure was repeated three 
times and the cells were added together and layered onto a 
Percoll gradient (10% (w/v) to 70% (w/v)). The gradient 
was centrifuged for 30 min at 2800 rpm. The cytotro- 
phoblast cells band between 35% and 55% and these cells 
were collected, pelleted and resuspended in culture medium 
(Dulbecco's MEM/Nutrient F12 Mix with L-glutamine, 
15 mM Hepes, 10% FCS, 50 /xg/ml gentamycin). Cells 
were plated at 3 × 10 6 cells/35 mm plate and were used 
48 h after plating. 
2.2. Experimental method 
Uptake studies 
Uptake studies were performed as previously described 
for other cell types [11,12]. Briefly, the cells were washed 
with 3 × 2 ml phosphate-buffered saline and incubation 
started with addition of balanced salt solution (BSS) con- 
taining 0.1 /zCi/ml 67Cu. Following incubation, uptake 
was stopped by washing the plates with 3 × 2 ml BSS with 
0.5 mM CuC12. The plates were incubated for 30 min at 
4°C in 1 mg/ml Pronase in BSS as previously described 
for other cell types. Following incubation the cells were 
removed from the plate by aspiration and centrifuged for 2 
min at 1500 × g. The supernatant was removed and counted 
in a Packard Cobra gamma counter (Beaconsfield, UK). 
The pellet was resuspended in 1 ml BSS and ultrasoni- 
cated. 0.8 ml was taken for counting and the remainder 
kept for DNA analysis. 
DNA assay 
DNA content was measured using spectrofluorimetry. 
Aliquots of cell suspension (100/xl) were added to I ml of 
0.4 M NaC1, 10 mM Tris-HC1, 1 mM EDTA containing 1
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Fig. 2. Copper uptake is saturable. Cells were incubated with increasing 
concentrations of 67Curtis2 for 30 min, following which they were 
removed from the plates as described in Section 2. The data were 
normalised to a rate per minute, fitted to the Michaelis Menten equation 
using a non-linear curve-fitting program and the curve shown in the graph 
is that derived from the fitted parameters. The results are the mean+ 
S.E.M. of three experiments in triplicate. 
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Fig. 3. Cells were incubated in balanced salt solution containing 1 /xM 
67Curtis2 0.4 p.Ci/ml and the added reagent for 30 min prior to washing 
and treatment as described in Section 2. 
/~g/ml Hoechst 33258 dye, fluorescence was measured in 
a TKO 100 mini fluoromezer (Hoefer, Newcastle, UK) and 
calibrated against calf thymus DNA (Sigma, Poole, UK). 
Statist ical  analysis  
Samples were analysed using Student 's  t-test or 
ANOVA as appropriate. S igni f icance was taken as p < 
0.05. Curves were fitted using Ultraf it  (Biosoft,  Cam- 
bridge, UK).  
3. Results 
Cell yields were between 50 to 100 × l0  6 per 30 g 
placenta. The cells were plated at 3 × 10 6 cells/3.5 cm 
plate and used 48 h after plating. Uptake rose from about 4 
pmol//xg DNA at 5 min to equilibrium at about 90 min of 
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Fig. 4. Cells were incubated in BSS with 1 txM 67Curtis2 (0.4 IxCi/ml) 
with (open circles) or without (closed circles) 1 mM cyanide. At appro- 
priate times, the cells were washed and treated as described in Section 2. 
The results are the mean _+ S.E.M. of two experiments, each conducted in
triplicate. 
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Fig. 5. Cells were incubated in BSS with 1 /xM 67Curtis2 (0.4/zCi/ml) 
with (open circles) or without (closed circles) 1 mM bathocuproine 
sulphonate. At appropriate times, the cells were washed and treated as 
described in Section 2. The results are the mean + S.E.M. of two experi- 
ments, each conducted in triplicate. 
16 pmol//xg DNA (Fig. 1). At 4°C, uptake was much 
reduced (Fig. 1). Uptake was concentration-dependent (Fig. 
2) with calculated K m values of 0.17 + 0.06 /~M and a 
Vma x, measured over 30 min, of 0.72 + 0.09 pmol/min/ /xg 
DNA. 
The energy dependence of  the uptake process was 
invest igated by incubat ing cells with a variety of  dif ferent 
agents. We used iodoacetate (5 mM)  and sodium azide (5 
mM)  to b lock ATP  product ion by glycolysis or the TCA 
cycle and in neither  instance was copper  uptake affected 
(Fig. 3). Similarly, ouabain, which blocks the Na/K  pump,  
also had no effect on uptake (Fig. 3). Endocytos is  is not 
involved in uptake of  copper  by cytotrophoblast  cells, 
since monens in  had no effect on copper  accumulat ion (Fig. 
3). 
Potassium cyanide, however, had an apparently contra- 
dictory effect. 10 min preincubation with 1 mM KCN 
followed by uptake over a period of 90 min resulted in an 
inhibition of uptake, although equilibrium levels were not 
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Fig. 6. Cells were pre-incubated overnight in culture medium with (open 
circles) or without (closed circles) l mM buthionine sulphoximine, a 
glutathione synthase inhibitor. The following day, the cells were washed 
and incubated in BSS with 1 /.tM67CuHis2 (0.4/xCi/ml). At appropriate 
times, the cells were washed and treated as described in Section 2. The 
results are the mean+S.E.M, of three experiments, each conducted in 
triplicate. 
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changed (Fig. 4). The most likely explanation is that the 
cyanide altered the equilibrium between copper and histi- 
dine, decreasing the apparent substrate concentration. 
In the liver [13], and in other cells [14,15] evidence has 
been presented to suggest hat copper is reduced to Cu ÷ as 
part of the uptake process. In these systems, bathocuproine 
sulphonate, a Cu ÷ chelator, inhibits uptake. In the placen- 
tal cells, this does not seem to be the case, since the 
chelator has no effect on uptake (Fig. 5). Reduction would 
seem to take place at some stage in transfer across the 
membrane, however, since once inside the cell, copper 
would seem to be bound to glutathione, which binds 
copper as the monovalent ion. Fig. 6 shows that preincuba- 
tion with buthionine sulphoximine, a glutathione synthesis 
inhibitor, blocks uptake and reduces equilibrium levels of 
copper in the cytotrophoblast cells. 
ion [14,15]. The data presented here would suggest hat 
this is not the case in the placenta, since monovalent 
chelators have no effect on uptake. However, the copper 
must be reduced at some stage during transfer across the 
membrane, since it would appear to bind to glutathione 
inside the placenta, and this peptide binds copper as Cu ÷. 
The data presented, in summary, indicate that the mech- 
anism of copper uptake by placental cells in culture is 
similar to that described for other tissues. What happens 
after uptake remains to be determined. 
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4. Discussion 
The transfer of copper from mother to fetus across the 
placenta can be considered as occurring in several discrete 
steps, each of which, as more information becomes avail- 
able, may also consist of several steps. At the moment, the 
stages would appear to be (1) uptake across the microvillar 
membrane, (2) intracellular processing, which itself may 
be subdivided into separate stages, (3) transfer across the 
basolateral membrane. This paper has examined the first of 
these steps and provided some hints about the form of 
copper which is moved through the cell. 
As has been found in other non-hepatocyte c lls, uptake 
is saturable and follows Michaelis-Menten kinetics. The 
calculated K m is close to that described for the transporter 
in isolated microvillar membranes [5] and similar to that 
described for other cells [16-18]. As with hepatocytes and 
with K562 cells [15,19], uptake appears to be independent 
of intracellular energy, supporting the hypothesis that up- 
take is a carrier-mediated, diffusion-regulated transfer. The 
effect of cyanide was apparently contradictory, since it 
inhibited uptake. However, cyanide will itself bind copper 
and we would suggest that it is acting by altering the 
equilibrium between copper, histidine and the transporter. 
Following from these observations, the process would not 
seem to involve endocytosis, since monensin, which has 
been shown to block iron uptake by blocking endocytosis 
in placental cells [20] had no effect on uptake. Uptake is 
also independent of the Na + gradient, since ouabain has 
no effect. 
Several groups have suggested that uptake requires 
reduction of copper from the divalent to the monovalent 
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